Stretchable electronics offer potential application areas in biological implants interacting with human tissue. Furthermore, they facilitate increased design freedom of electronic products. Typical applications can be found in healthcare, wellness and functional clothes. A key requirement on these products is the ability to withstand large deformations during usage without losing their integrity (i.e., large stretchability). One of the possible basic designs for stretchable electronics is to interconnect small rigid semiconductor islands with thin metal conductor lines on top of a highly deformable substrate, such as a rubber material. In this case, large stretchability must also be provided by these thin metal conductor lines. The adhesion of the conductor lines to the rubber substrate is of major importance from a reliability point of view. Experimental observations show that delamination between the metal conductor lines and the stretchable substrate may eventually lead to short circuits while also the delaminated area could result in cohesive failure of the metal lines. To understand and quantify the behavior of the copper-rubber interface, peel tests are performed and analyzed by means of experiments and numerical simulations. Interestingly, experimental observations show that the rubber is severely lifted at the delamination front caused by its high compliance. To quantify the interface properties, numerical simulations of the peel test have been performed by developing a finite element model comprising of cohesive zone elements by which the transient delamination process during the peel test is described in detail. By means of an extensive model parameter sensitivity study combined with the measured peel-force curves and the rubber-lift geometry at the delamination front, the final set of model parameters has been determined. Finally, the thus obtained model parameters are used to simulate the delamination behavior of actual three-dimensional stretchable electronics samples loaded in tension.
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Introduction
In stretchable electronics applications small rigid semiconductor islands can be interconnected with thin metal conductor lines. All brittle components are placed on these small islands to make sure the strains in the brittle components are small when the structure is stretched. Therefore the stretchability must be provided by the thin metal conductor lines. These are deposited on the substrate to connect the islands and must deform with the substrate without losing their electrical function. This is schematically depicted in Fig.1(a) . To achieve stretchability of the thin ' metal conductor lines, these can be deposited on flat substrates using planar patterning technologies and seek for 2D deformability, e.g. by designing spring-like conducting lines as is shown in Fig.1 (b) . The structural integrity of the stretchable electronic circuits is one of the major concerns for stretchable electronics applications: (i) cohesive fracture in the stretchable lines will lead to failure, because the electrical function will be lost. This topic has been addressed by Li et al [2] and Gonzalez et al [3] . In their works, it is shown show that a 'horse-shoe shape' of the stiff metal conductor permits large deformation of the substrate and results in small strains in the metal. The shape of the conducting lines is optimized using numerical simulation techniques in [3] ; (ii) adhesive fracture between the metal lines and the stretchable substrate is also of concern as the position of the delaminated conducting line is unsure and may lead to shorts, and the delaminated region may be a source of cohesive fracture and thus electrical failure of the stretchable device [4] , see Fig.2 .
In order to understand the mechanisms leading to fracture of the conducting lines, insight into the key factors leading to delamination is required. This had motivated the development of a three-dimensional numerical model that can describe delamination within a finite element framework. First results have been reported in [5] . Here, the feasibility of a finite element simulation technique employing cohesive zone elements to describe delamination in stretchable electronics was demonstrated. It was shown that experimental and numerical results were in qualitative agreement. Furthermore, it was demonstrated that the force required during peeling is a measure for the work of separation of the copper-rubber interface. Yet, this global param- eter did not suffice to accurately determine the interface properties, i.e. the work of separation r and the interface strenght t max . It was proposed to use the geometry near the delamination front between copper and rubber as a local parameter for the determination of the interface properties.
First, in order to estimate the interface properties, 90° peel-tests are performed. Second, a numerical model of the peel-test is developed in which cohesive zone elements are applied to describe the peeling process. In order to arrive at a unique set of interface properties, not only the peel force but also the geometry near the delamination front between copper and rubber will be used as validation parameters. Finally, the delamination behavior of a threedimensional model having a geometry similar to Fig.2 (a) is discussed.
Peel test experiments
To characterize the interface properties, a 90° peel-test is used. In this test a thin film is peeled-off a substrate at a fixed angle of 90° from the substrate. The force is measured as a function of the clamp displacement and during peeling the force is more or less constant: the peel force. When the film deforms elastically and the substrate stiffness is assumed high compared to the film stiffness, the peel force per unit sample width becomes a direct measure of the adhesion energy. A more detailed treatise of film peeling can be found in [6] and references therein.
The peel-test samples are manufactured at IMEC and consist of a rubber (Sylgard 186, PDMS) substrate with a copper (electrodeposited, grade TW-YE, Circuit Foil) film. The rubber is casted in a mould where on of four different sheets of the copper films lays flat on the bottom of the mould. After casting the samples are cured at room temperature. The rubber thickness varies from 1.0 up to 1.5 mm.
The copper film has a thickness of 17 ± 0.5 fJ,m, and consists of an untreated shiny side with very low roughness and a treated side with high roughness values R z ranging from 6 to 8 fJ,m. The high roughness value is used for improved rubber-copper adhesion; in addition an adhesion promoter is added. Each peel-test sample thus manufactured is 84 mm in length and 18 mm in width. Before the peel-test the rubber side of the sample is glued on a metal plate that will be mounted in the peel-test set-up; the adhesive and primer used for this are Loctite types 406 and 770. After mounting, approximately 10 mm copper is peeled-off manually for clamping. In order to monitor the local geometry near the delamination front for the quantitative validation purposes of the present work, the camera set-up shown in Fig.3 is added to the peel-test set-up. The camera is fixed with respect to the metal plate on which the sample is glued, and is positioned perpendicular to the side facet of the peel-test sample. The images captured with the camera are uploaded to a PC for further analysis.
In FigA the measured peel force-displacement curves are shown. The displacement is corrected for the 45 ° angle of the mounting stage. The averaged steady state peel force Pj per unit width, which is in general a complex function of geometry, the constitutive properties of the film and substrate, and the interfacial cohesive properties [7] , is shown as a straight horizontal line in the figure. This value is used to calculate the adhesion energy or work of separation r according to r = Pj, when assuming that the peeling angle remains approximately 90° during testing. Fig.4 , together with the average force. The average adhesion energy is 1343 ± 51 Jim 2 (standard deviation).
The small peaks and dips that can be seen in each curve most likely result from relatively small areas on the sample where the adhesion is locally enhanced. This is clearly observed with the added camera system, i.e. at these peaks the rubber was lifted more. A typical image recorded with the camera system of the local geometry near the delamination front during steadystate peeling is shown in Fig.5 . For validation purposes, three geometry parameters are determined from the images: the width of the lifted rubber w, the height of the lifted rubber h, and the radius of the copper foil R. The width is defined as the distance between the points where the lifted rubber crosses the original rubber upper plane. The height is defined as distance from the rubber upper plane to the top of the rubber peak. To allow for the determination of these parameters construction lines are added in the images, as depicted in Fig.5 The peel-test is simulated using a 2D plane strain finite element model, which represents the geometry used in the experiments. The model geometry is shown schematically (not to scale) in Fig.6 . The height of the copper and rubber as well as the in-plane model width of 18 mm corresponds to the actual sample dimensions in the experiment. The length is chosen as 15 mm instead of 84 mm, resulting in reduced calculation times without altering the peel forcedisplacement curve. Cohesive zone elements are applied at the interface of the copper film and the rubber substrate, except at the position of the manually delaminated initial imperfection in the peel experiment. At the bottom plane of the substrate all degrees of freedom are fixed, corresponding to the experiment where the sample bottom is glued rigidly to the test setup. The peeling of the copper film is simulated by prescribing a displacement in y-direction at the upper left corner point of the copper film. The pre- The geometry is discretized using a sufficient amount of linear quadrilateral finite elements that account for geometrical and material non-linearities, such that a unique, converged solution is obtained upon mesh refinement. For the rubber substrate incompressible neo-Hookean material behavior is adopted with 010 = 0.165 MPa which is based on uniaxial and planar experimental testing [8] . For the copper film the measured uniaxial true stress-true strain response performed on a Kammrath & Weiss 10 kN micro-loading stage is used, with a 100 N load cell. The thus measured curves are translated into an elasto-plastic material model for the numerical model while Poisson's ratio is assumed 0.3.
Initiation and propagation of peeling is described using cohesive zone elements [9] , where fracture is regarded as a gradual phenomenon in which separation takes place across an extended crack tip (i.e., the cohesive zone), and is resisted by cohesive tractions. The cohesive tractions are calculated from a so-called traction-separation law (TSL), providing the relation between the separation vector t, which can be decomposed into a normal component t n and a shear component t 8' at the interface of the two materials and the traction vector ~, which can be decomposed into a normal component 5n and a shear component 58' Following Van Hal et al. [10] , an exponential Smith-Ferrante TSL will be employed. Furthermore, irreversibility is taken into account based on the framework provided by Ortiz and Pandolfi [9] . The TSL is then given by
Here, t is the equivalent traction and 5 the effective separation, defined as (2) The parameter 5e is the effective displacement at which the maximum traction t max is reached. The constitutive parameter f3 defines the ratio between the maximum shear and maximum normal critical tractions. In the simulations, f3 = 1. As a result of the MacAuley brackets in (2), defined as (x) = ~(x + Ixl), only positive normal separations influence the effective separation. It can be shown that the interface strength can be expressed as [9] 00 r= Jtdb o (3) which obviously corresponds to the surface below the traction-separation curve. This cohesive zone element has been implemented as user element in the commercial finite element package MSC.Marc. For more detail, the reader is referred to Van Hal et al. [10] .
To determine the cohesive zone properties, the following values are varied: the work of separation r between 1200 and 1400 Jim 2 , and the interface strength t max between 0.9 and 4.0 MPa. Fig.7 shows typical deformation stages during a simulation of the peel-test, in this case with r = 1350 J/m 2 and t max = 1.5 MPa.
A typical force-displacement curve of this simulation is shown in Fig.8(a) . Four regions can be distinguished. Zone I is the bending of the copper at the imperfection (Fig.6 ) from a horizontal to a vertical position. This zone is not present in the experimental results, because the bending is performed before the peel-test is started. Zone II is the lifting and further bending of the copper. In zone III the interface actually starts delaminating towards the steady state lIIi IV i ' ji,,: regime. In zone IV the steady state regime is reached, resulting in a constant peel-force and local delamination front geometry. A characteristic deformed geometry at the delamination front for this simulation is shown in Fig.8(b) . The four dimensions indicated in this picture will be analyzed. The rubber height h is measured from the original thickness level of the rubber. The width w is the distance between the points where the rubber crosses the original rubber thickness level. The radius of the copper R is the vertical distance from where the foil becomes vertical to where it is horizontal. Furthermore a parameter gap is defined as the horizontal distance between the rubber 'peak' and the copper foil. This parameter can be considered as a measure for micro-structural delamination processes occurring at the delamination front (e.g. fibrillation) and will be a topic for future research. In order to compare the experimental results with the numerical simulations results, peel-force-displacement curves and the measured and predicted geometry at the delamination front of a specific measurement (rubber thickness 1.1 mm) are depicted in Fig.9 .
For the interface toughness, a value of r = 1350 Jim 2 is determined. The resulting simulated steady state peelforce is in good agreement with the experimentally determined value (shown for 2 measurements in Fig.9(a) ). For completeness, three values of t max are plotted: 1, 2 and 3 MPa, together with an insert of the simulated peelforce-displacement curve to show that the simulated value is shifted to the left over the range spanning part I (thus omitting the bending of the copper foil towards the clamp). It can be concluded that the interface toughness value results in an accurate value of the peel force. To determine t max , the local geometry depicted in Fig.9(b) and Fig.9(c) is used. By varying this value, it is found that t max = 3.0 MPa gives the best approximation of the geometry: in this case the value of the gap is small and the rubber height h is closest to the experimentally determined value of 1.31 mm.
The corresponding critical opening is be = 0.16 mm. 4 Application to the three-dimensional structure
In the previous section, it was shown to be possible to determine the interface toughness and strength parameters when combining peeling information from both global and local scales. The thus obtained interface parameters are now used in the simulation of the delamination behaviour of the structure from Fig.2(a) , i.e. the horse-shoe shaped copper line on a PDMS substrate. The description of the mechanical behavior of the copper and PDMS materials is equal to the preceding sections. The dimensions of the sample are: width (x-direction) = 1.5 mm, length (y-direction) = 2.8 mm, height (z-direction) = 1 mm. The width of the traces is 0.1 mm with a thickness of 17 Mm. The amplitude of the undulation of the copper film is 2.0 mm.
As tensile loading, horizontal displacements U = 1 mm are prescribed on the surfaces at the right and left side of the sample, see Fig. 10 . To describe the incompressible behavior of the PDMS accurately, Herrmann elements are used while the deformation of the copper is modeled with linear elements accounting for large strain plasticity. The number of elements in this model is 146440. Of course, all results have been checked on mesh convergence.
Several deformation stages are shown in the left pictures of Fig.ll . Observe that the original location of the copper film is indicated as the curved thin lines on the substrate, i.e. the location of the copper film when no delamination would occur. In the right pictures of Fig.ll , the damage evolution in the cohesive zone elements is depicted, which is defined as
where 8 corresponds to the current separation. From the results, it can be observed that delamination of the copper film occurs with the mentioned set of interface parameters. In future work, experiments on these structures will be performed.
Discussion
Using a combined experimental and numerical approach, it is shown that the finite element model employing cohesive zone elements quantitatively predicts the peelforce-displacement curve and the local geometry at the delamination front during the peel test. Only when using global and local deformation parameters, a unique set of interface properties could be determined. It appeared that the interface toughness could be determined from the global force-displacement curve, while the interface strength followed from the local deformation at the crack tip.
In [5] it was argued that the work of separation for this system includes internal dissipation mechanisms in the copper foil. The fact that the steady state peel-force is accurately simulated at the measured total work of separation of 1350 Jim 2 when the plastic response of the copper foil is accurately taken into account indicates that plastic dissipation in the copper foil is negligible as a contribution to the work of separation. The three-dimensional results shows that delamination of the copper film occurs during tensile loading, when using the interface properties as determined from the experimental measurements.
The local geometry at the delamination front (i.e. the way the copper peels from the rubber) shown in Fig.9 suggests that delamination does not occur purely at mode 1 (opening mode), but that also a mode 2 contribution is present (mode-mixity). Both contributions are accounted for in the cohesive zone model by means of an equivalent contribution to the total work of separation [10] . However, this approach assumes that the critical work of separation under pure mode 1 and pure mode 2 are equal. A mode angle dependent work of separation may have to be taken into account for accurate prediction of delamination phenomena in arbitrary 3D stretchable electronics designs although experimental characterization of this mode dependency is far from trivial.
The geometry parameter gap is an indication of microstructural processes occurring at the delamination front, e.g. fibrillation of the rubber. Understanding of these processes may lead to improved stretchable electronics applications. In order to identify these processes effort is put into microscopic analyses during peeling.
In the future, the separate energy contributions in this peel test should be identified, as suggested by Martiny et al [11] . This requires a multi-scale approach. Finally, the parametric study of the peel test performed by Thouless and Yang [7] will be extended to the case of a compliant substrate. 
